We present a simple reconstruction algorithm for three-dimensional (3D) incoherent source distributions imaged by a laterally scanned pinhole camera. We consider digital sampling of multiple pinhole images for 3D reconstruction and implement an experimental demonstration with lateral resolution of 2 3 10 23 rad and longitudinal resolution of approximately 0.14z 2 m, where z is the object-to-pinhole distance in meters.
Pinhole cameras, which require no refractive or ref lective elements, are popular in the x-ray spectral range, where no such elements are available. Several x-ray studies focused on an additional advantage of pinhole imaging, namely, one can invert that pinhole images from several perspectives to reconstruct three-dimensional (3D) objects. 1 -5 Unambiguous and direct inversion makes pinhole cameras attractive for use in the visible and infrared spectral ranges also, despite relatively poor transverse resolution. In this Letter we describe a simple inversion algorithm for laterally scanned pinhole images and present, to our knowledge, the first experimental results showing 3D reconstruction of visible sources from pinhole data.
Radon's theorem of computed tomography reconstructs objects from integrated absorption along rays through the object. Ray attenuation is measured as a function of angle and displacement from the origin, and the convolution backprojection theorem is used to find the absorption of the object as a function of position. In x-ray tomography, objects are typically viewed from a wide range of angles. In optical experiments the object can be distant from the observation plane and the angular f ield of view can be restricted. Chiu et al. considered reconstruction from a restricted view angle theoretically 6 and presented algorithms for 3D reconstruction.
We focus here on the geometry shown in Fig. 1 . An incoherent source in volume V illuminates a pinhole. P ͑x, y, z͒ is the radiated power density of the source. The pinhole projects an image of the source onto the jh plane, which is a distance R along the z axis behind the pinhole. The pinhole lies on the plane z 0 at the origin of the jh plane. To obtain 3D data, we translate the pinhole and the image plane in the transverse direction. We account for this translation by a displacement ͑ĵ,ĥ͒ between the origins of the jh and x y planes. For an ideal-point pinhole camera, the intensity I ͑j, h͒ in the image plane is the integral of P ͑x, y, z͒ along the ray containing the pinhole and the observation point:
Fourier transforming Eq. (1) with respect to j and h and making the coordinate transformations x 0 Rx͞z, y 0 Ry͞z, and z 0 R͞z yields
where q 2k jĵ 2 k hĥ . According to Eq. (2), I ͑k j , k h , q͒ is proportional to the inverse Fourier transform of P ͑x 0 , y 0 , z 0 ͒͞z 02 . To recover P ͑x, y, z͒ from pinhole images, one measures I ͑j, h͒ at a variety of camera positions and Fourier transforms each of these images in two dimensions with respect to j and h to obtainĨ ͑k j , k h , q͒. One then computes the 3D Fourier transform ofĨ ͑k j , k h , q͒ with respect to k j , k h , and q to reconstruct P ͑x 0 , y 0 , z 0 ͒͞z 02 . Finally, one transforms the coordinates to recover P͑x, y, z͒. The accuracy of the reconstruction is limited by both the range over whichĨ ͑k j , k h , q͒ is sampled and the dependence of q on k j and k h . The measurement ranges for k j and k h are determined by the bandwidth of I ͑j, h͒. This bandwidth is limited by the cutoff frequency of the modulation transfer function of the pinhole camera, which is of the order of 1͞2d when the pinhole -image-plane distance is optimized, 7 where d is the pinhole diameter. After we Fourier transformĨ ͑k j , k h , q͒ and transform the coordinates, the transverse resolution in the reconstructed P ͑x, y, z͒ is approximately 2zd͞R. The longitudinal resolution is slightly more diff icult to quantify because of the ''missing cone'' in Fourier space caused by the fact that q is proportional to the transverse spatial frequencies. 6 The cone q .ĵ max ͑k j 2 1 k h 2 ͒ 1/2 is not sampled in ͑k j , k h , q͒ space and thus is missing from the Fourier space of P ͑x 0 , y 0 , z 0 ͒͞z 02 . The missing cone has the effect of high-pass filtering the reconstructed object. If the transverse spatial bandwidth of the object is low, the longitudinal resolution of the reconstruction is compromised. If the transverse bandwidth of the object exceeds the modulation transfer bandwidth of the camera, the longitudinal resolution in P ͑x, y, z͒ will be approximately 2z 2 d͑͞Rĵ max ͒. (In the experimental system described below, the camera is translated in only a one-dimensional camera, and the missing cone is actually the missing crease jqj .ĵ max jk j j.)
We constructed a pinhole camera to test this reconstruction algorithm. A 300-mm-diameter pinhole was punched in aluminum foil. The pinhole was separated from the focal plane by a 15-cm tube. A 1.26 cm by 1.26 cm Princeton Instruments backilluminated 512 3 512 pixel CCD occupied the focal plane. The lateral camera position was controlled to 1-mm accuracy over a 5-cm range by a single-axis Aerotech translation stage. The camera's total f ield of view was 0.08 rad, but in the experiments described below only the central 256 3 256 pixel grid was used; this grid corresponds to a view angle of 0.04 rad. For this camera, R 15 cm, x 0 max 5 cm, and d 0.03 cm.
The pinhole camera sampled 3D data by capturing I ͑j, h͒ as a function of transverse camera position. Since the camera was moved along only one dimension, we set y 0 0 for all data and interpreted the intensity samples as I ͑j, h,ĵ͒. We fast Fourier transformed each recorded two-dimensional frame to obtaiñ I ͑k j , k h ,ĵ͒. These data were interpolated to transform the variableĵ to the new coordinate q 2k jĵ in uniform increments of q. We implemented the interpolation by using the samplesĨ ͑k j , k h ,ĵ͒ to estimate a continuous function of x 0 with the prolate-spheroidal windowed sinc function. 8 After interpolation to obtain uniformly spaced samples ofĨ ͑k j , k h , q͒, a 3D fast Fourier transform recovered P ͑x 0 , y 0 , z 0 ͒͞z 02 .
The spatial extent and the rate of sampling on the focal plane and for camera position determined the volume imaged and the image resolution. For a 300-mm pinhole, Nyquist sampling requires approximately 150-mm receiver spacing in the focal plane. Our data were oversampled compared with Nyquist sampling in that we sampled with a CCD spacing of 22 mm in the transverse direction. The sampling interval between camera viewpoints ͑Dĵ͒ determined the minimum distance from the pinhole to the reconstructed volume. For example, if we wanted to image a volume beginning a distance z 0 from the pinhole, the maximum value of z 0 in the volume would be R͞z 0 . The conjugate variable to z 0 is q k jĵ , which implies that the sample spacing q should be z 0 ͞R and therefore that Dĵ Dq͞k j max ഠ z 0 d͞R. This in turn would imply that a transverse sample spacing of 1 mm is needed to image a volume beginning 0.5 m away. As in the focal plane, we substantially oversampled. To match the focal-plane sampling dimensions for eff icient fast Fourier transform operation, 256 camera position samples were recorded. The samples were spaced by 0.12 mm over a 3.07-cm scan range.
We reconstructed a source consisting of four red LED's. Each diode had a 0.5-cm diameter. We sanded off the cover lenses on the diodes to obtain uncollimated incoherent sources. The approximate positions and the relative radiated intensities of the diodes were as follows: (x 0.7 cm, y 0.7 cm, z 1.05 m) and P 0.6, (x 0.6 cm, y 3.9 cm, z 1.52 m) and P 1.0, (x 1.6 cm, y 3.7 cm, z 1.51 m) and P 0.7, and (x 2.7 cm, y 3.8 cm, z 1.51 m) and P 0.82. Figure 2 is a plot in ͑x 0 , y 0 , z 0 ͒͞R space of the 50% maximum constant power-density surface for the reconstructed LED sources (i.e., the 50% isosurface). The corners of the diagram give the real-space coordinates of the vertices of the reconstructed volume, but the volume is actually displayed linearly in ͑x 0 ͞R, y 0 ͞R, z 0 ͞R͒ coordinates. We display the results in these coordinates for ease of 3D visualization. Figure 3 shows cross sections in the real-space x z plane of the intensity in selected regions of the reconstructed volume. The real-space size of the reconstructed objects grows as z gets larger. The transverse skew of the reconstructed points is due to the missing crease in the object Fourier space discussed above.
The missing-cone problem means that the object itself limits the longitudinal resolution when its bandwidth is less than the camera bandpass. This was not the case for the reconstruction presented here, however. The angular bandwidth for objects with x 0.5 cm transverse extent located z 1 -1.5 m away is approximately k j max z͞RX 2000 m 21 . This bandwidth is somewhat more than the approximately 1600-m 21 bandpass of the pinhole camera. The value k j max 1600 m 21 corresponds to a longitudinal resolution of z res z 2 ͞Rk j maxĵmax 0.14z 2 m, which is consistent with the half-maximum longitudinal widths of the three reconstructed LED's near the back plane at z 1.51 m, which are ϳ35 cm, and the longitudinal width of the LED near the front plane at z 1.05 m, which is ϳ18 cm. The center positions of the LED reconstructions correspond well with the locations of the actual LED's.
We have demonstrated a tomographic method to combine several two-dimensional projections of an incoherent radiator into a three-dimensional reconstruction of the radiator. The resolution of our optical system was analyzed in detail, and the reconstructed resolution approximately matched our expectations. Although we are encouraged by the simple demonstration of 3D optical imaging presented here, several interesting issues remain for future consideration. The line integral model for the pinhole camera is based on the assumption that the object is a transparent incoherent radiator, whereas most objects are opaque and radiate only on a surface. Additional information or processing complexity may need to be incorporated to resolve ambiguities induced by this disparity. Improved signal processing and the incorporation of a priori knowledge for linear filtering and nonlinear deconvolution could also improve longitudinal resolution. Longitudinal and transverse resolution are also severely restricted by pinhole aperture size. Lens systems with maximal depth of focus so that the line integral approximation can be better satisf ied but with increased transverse aperture would help longitudinal resolution.
